We present a species-level phylogeny for Mesembryanthemum subg. Volkeranthus (Gerbaulet) Klak (AizoaceaeMesembryanthemoideae) based on four DNA markers. Previously M. subg. Volkeranthus comprised only two species, Mesembryanthemum longistylum DC. and Mesembryanthemum aitonis Jacq., which are short-lived, succulent, herbaceous perennials found in the three Cape Provinces of South Africa. Our molecular and morphological investigations suggest that the broad species concept put forward for M. aitonis Jacq. by Gerbaulet should be rejected and Mesembryanthemum paulum (N.E.Br.) L.Bolus and Mesembryanthemum clandestinum Haw., previously considered as conspecific with M. aitonis, are reinstated. Morphologically both species are distinct from M. aitonis, so that we now recognise four species in M. subg. Volkeranthus. Among the four species, the distributions of sister species overlap only marginally, but they prefer similar soils: clays for M. longistylum and M. paulum, and sandy/ alluvial soils for M. clandestinum and M. aitonis. Although M. clandestinum is known in all three Cape Provinces, within this very large area it is restricted to moist sites along the banks of rivers. In contrast, M. paulum is restricted to the south-western Cape and the Agulhas Plain. Noteworthy differences between M. clandestinum and the other species in M. subg. Volkeranthus include its habit of forming large mats that survive for many years and its ability to propagate vegetatively. The inconspicuousness of its flowers and their few stamens suggest that M. clandestinum may be self-fertile. We provide an amended key to the subgenera of Mesembryanthemum and a key to M. subg. Volkeranthus, as well as synonymy and revised descriptions for its four species.
Introduction
The subfamily Mesembryanthemoideae of the Aizoaceae is sister to the Ruschioideae and is made up of the single genus Mesembryanthemum L., with 103 species (Klak et al., 2007; Klak, 2008 Klak, , 2010 . Mesembryanthemum was classified into five subgenera and 13 sections using molecular and morphological data (Klak and Bruyns, 2013) . The Mesembryanthemoideae includes both annuals and perennials, among which there are also nine geophytes. Mesembryanthemum subg. Volkeranthus consists of only two species (Klak and Bruyns, 2013) , which are sister to the remainder of Mesembryanthemum (Klak et al., 2007) . These two species are short-lived, weakly succulent perennials, which are found in all three Cape Provinces of South Africa . They were distinguished by habit and features of their leaves: Mesembryanthemum aitonis Jacq. has flat, broad leaves and a prostrate to decumbent habit, while Mesembryanthemum longistylum DC. has subcylindrical to flattened, linear leaves and a decumbent to erect habit . Several names, including Mesembryanthemum clandestinum Haw. and Mesembryanthemum paulum (N.E.Br.) L. Bolus, had been moved into synonymy under a broad concept of M. aitonis ). In the case of M. clandestinum, the minute flowers of the type were interpreted as immature, since the petals of M. aitonis increase in length during anthesis ). In addition, populations from the eastern part of the distribution were found to have much larger leaves than those from further west (where they had been described as M. paulum). However, the differences in the sizes of the leaves were interpreted as a response to radiation and the availability of water and consequently the small-leaved, western M. paulum was treated as conspecific with M. aitonis .
Both species of M. subg. Volkeranthus were sampled for the phylogeny of Mesembryanthemum (Klak et al., 2007) . For M. aitonis, three accessions were included so as to represent some of the morphological diversity over the geographical range of this species (Klak et al., 2007) . We found that M. aitonis was not monophyletic, since one of the three accessions grouped closely with M. longistylum. However, in the absence of more data, no further conclusions were drawn (Klak et al., 2007) . Although we had incorporated some of the morphological diversity found in M. aitonis, specimens corresponding to M. clandestinum were not included. Here, we use molecular and morphological characters as well as ecological information to reinvestigate M. aitonis. With a new reconstruction of their phylogeny, we discuss relationships between the taxa of M. subg. Volkeranthus. In addition, we present a revised taxonomic account for the species of this subgenus with maps of their distributions.
Materials and methods

Sampling of taxa
Three accessions from M. subg. Volkeranthus were sampled previously (Klak et al., 2007) . One (Klak 1172) corresponded to the type of M. paulum, which is always prostrate with very slender leaves. The other two (Bruyns 9563 and Bruyns 9438) corresponded to the type of M. aitonis Jacq., which typically has flat and broader leaves. These accessions were all sampled from within the winter rainfall region. Here, we have sequenced one further accession. With its very small, inconspicuous flowers, this agrees with the type of M. clandestinum. This accession was collected in the Fraserburg district, which lies in the summerrainfall region. We sampled three plastid regions, the rps16 intron, the trnL-F intergenic spacer (including the trnL intron) and the atpB-rbcL intergenic spacer, as well as the nuclear internal transcribed spacer (ITS1). In addition, to establish the relationship of M. clandestinum to the other species of Mesembryanthemum, representatives from all subgenera and sections of Mesembryanthemum were included. One species, Tetragonia fruticosa L., was chosen from the Aizooideae to root the tree (Klak et al., 2003) . Five new sequences were generated, four for M. clandestinum and one for M. aitonis (Bruyns 9563) while the rest of the sequences were downloaded from GenBank. For two accessions (M. paulum and one for M. aitonis (Bruyns 9438)), no ITS1 sequences could be generated due to lack of DNA. We list the voucher information and Genbank accession numbers in Appendix 1.
DNA extraction, sequencing, alignment and phylogenetic analyses
Methods and primers used were as described in Klak et al. (2007) . The PCR products were sent to Macrogen Europe (Netherlands) for clean-up and automated sequencing. Analyses were performed on three separate sets of data: (1) combined chloroplast data; (2) nuclear data; (3) nuclear and chloroplast data combined. Since no strongly supported conflicts between the separate data-sets were detected, no further tests of congruence were performed before combining the data, since such tests can fail and also cannot be considered proof of incongruence (Yoder et al., 2001) . Details of the methods of analysis were described in Klak et al. (2007) .
Geographical, morphological and ecological data
Maps were drawn up for each species indicating their known distribution per quarter degree square from 156 herbarium specimens at BOL, NBG and PRE (acronyms according to Holmgren et al., 1990) . Morphological and ecological data were extracted from herbarium specimens as well as from field records made over several seasons. All measurements and observations were based on mature leaves, fresh flowering material and mature capsules.
Results and discussion
Phylogeny
Statistics for the data are given for each analysis in Table 1 . The levels of homoplasy are notably low.
For the ITS regions no sequences were available for one accession of M. aitonis and for M. paulum. Separate MP analysis of the ITS data and of the combined chloroplast data both placed M. clandestinum and M. aitonis in M. subg. Volkeranthus (Fig. A and B, electronic supplement) , which is sister to the remainder of Mesembryanthemum. The chloroplast data alone (Fig. B, electronic supplement) as well as the combined chloroplast and ITS data resolves M. clandestinum as sister to the two accessions of M. aitonis, whereas M. paulum is sister to M. longistylum (JK = 96). Both MP and BI analyses produced identical reconstructions for the combined chloroplast and ITS data ( Fig. 1 ).
Morphology
Life form and habit
Members of M. subg. Volkeranthus were previously characterised as annuals or biennials, depending on the availability of water ). However, M. clandestinum is a perennial which can survive for many years. Here numerous fine rootlets may develop along the branches and these allow the plant to form large, dense mats measuring several metres in diameter. Older specimens spread over such a large area and root in so many places that they have no clearly defined centre. The development of adventitious roots also enables the plant to propagate itself vegetatively, with pieces ripped off during periodic flooding easily re-establishing elsewhere. Adventitious rooting is otherwise known only in M. parviflorum Jacq. (Klak and Linder, 1998) . Specimens of M. clandestinum are often found growing in the partial shade of bushes or trees, with some branches of older plants even climbing into the surrounding shrubs. In the other species of M. subg. Volkeranthus adventitious roots are unknown and a clearly identifiable stem arises from a central rootstock. Mesembryanthemum longistylum differs from the other three species by its decumbent to erect habit ( Fig. 2) . In contrast, in M. paulum the branches are always prostrate, whereas in M. aitonis the branches are prostrate to decumbent.
Stems and leaves
The stems of M. aitonis are angled ( Fig. 3 ), whereas they are terete in the other three species of M. subg. Volkeranthus. The lectotype of M. aitonis (Jacquin, 1776: t.7), shows this feature clearly. Characteristic for M. clandestinum are the very slender stems, only 1-2 mm diam. (Fig. 3 ). This contrasts with those of M. aitonis and M. paulum, where the stems are 2-4 mm diam. In addition, the stems are exceedingly papillate in M. aitonis and M. paulum, whereas the older stems are smooth and only the younger stems are finely papillate in M. clandestinum.
The leaves and young stems of M. clandestinum have a characteristic light green colour throughout (Fig. 4) , whereas those of the other species in M. subg. Volkeranthus are a darker green often suffused with red (Figs. 2, 3 and 5 ). In addition, the leaves are decussate throughout in M. clandestinum (Fig. 4) , whereas they are decussate first but become alternate towards the inflorescence in the other members of M. subg. Volkeranthus. As with the stems, the epidermis of the leaves of M. clandestinum and M. longistylum also have inconspicuous bladder cells whilst, in M. aitonis and M. paulum, the epidermal bladder cells are prominent. Although the dimensions of the leaves are variable within species (especially depending on the availability of water), they differ consistently between species. Broad leaves at 5-15 mm are typical of M. clandestinum and M. aitonis, whereas they are narrower at 1.5-7.0 mm in M. longistylum and M. paulum.
Flowers
The flowers of M. clandestinum are exceptionally small (Fig. 4 : petals c. 2 mm long, stamens 1.0-1.5 mm long). In contrast, flowers of M. aitonis and M. paulum are considerably larger (petals 10-11 mm long, stamens 7-8 mm long). Flowers of M. clandestinum have only 10-14 stamens (Fig. 4) , whereas they are far more numerous in M. aitonis and M. paulum (Figs. 3 and 5) . The small flowers as well as the small numbers of stamens in M. clandestinum are reminiscent of the much reduced flowers of species of Cleretum such as C. papulosum (L.f.) L.Bolus and C. bruynsii Klak (Klak and Bruyns, 2012; Klak, 2012) , which are self-fertile (Ihlenfeldt and Struck, 1987) and it is possible that M. clandestinum is also self-fertile. This would be unusual for a perennial, which are mostly obligatory outcrossers (Mayer and Pufal, 2007) . However, since M. clandestinum can also propagate itself vegetatively, it would then not be dependent on pollinators for its survival, at least during times where drought has made the pollinators scarce. Florally, M. paulum and M. aitonis are similar, but M. aitonis differs by having an angled receptacle (Fig. 3) , whereas it is circular in M. paulum (Fig. 5) . This corresponds to the shapes of their respective stems. Gerbaulet (2012: 192) stated that M. aitonis and M. longistylum 'share a character state unique in Mesembryanthemoideae, namely the presence of central papillae on the epidermis cells at the base of stamens'. This character was also included in the description of Volkeranthus. As we could not detect any such papillae in the flowers of M. clandestinum, this feature is now abandoned.
Fruits
With the smaller size of its flowers, M. clandestinum also has smaller fruits (3.5-4.0 mm diam. in closed fruits), compared to 7.0-8.5 mm diam. in M. aitonis and M. paulum. In addition, in M. clandestinum the valve wings are inflexed and free (Fig. 6A ), whereas they are inflexed and fused in pairs in the other three species of M. subg. Volkeranthus (Fig. 6B, C, D) . Our observations therefore differ from those of , who reported the valve wings to be reflexed and fused in pairs for M. longistylum. Reflexed and pairwise-fused valve wings are infrequent in Mesembryanthemum (corresponding to the 'Halenbergia'-type; Schwantes, 1952) and were reported for M. rapaceum Jacq. (Klak and Linder, 1998) , M. digitatum Ait., M. subg. Opophytum (Fig. 6D) and M. subg. Mesembryanthemum sect. Mesembryanthemum ).
Seeds
The seeds in M. subg. Volkeranthus are all D-shaped, but differ in size, colour and sculpturing of the testa. In M. clandestinum the seeds are small (0.7-0.8 × 0.5 mm), light brown and with a much flattened testa (Fig. 7A) , whereas those of the other species in M. subg. Volkeranthus are slightly larger (0.7-1.0 × 0.7-0.8 mm), dark brown and with centrally raised papillae on cells of the testa (Fig. 7B : M. aitonis; Fig. 7C : M. longistylum).
Geographical distribution and ecology
Mesembryanthemum subg. Volkeranthus is confined to the three Cape Provinces of South Africa. Sister species show remarkably little overlap in their distributions. M. aitonis is concentrated in the southern parts of the Western and Eastern Cape, whereas M. clandestinum is predominantly found in the eastern parts of the Northern Cape and northern parts of the Eastern Cape (Fig. 8) . The two species only co-occur in three grid squares (3225BA, 3320CC, 3322AB). In addition, the two species occupy different ecological niches: M. clandestinum is only found in fairly moist sites near rivers, often in partly shaded spots, whereas M. aitonis is found in open, dry, sandy or alluvial habitats. In addition, M. clandestinum is mostly found outside the winter-rainfall area (Fig. 8) , whereas the other three species of M. subg. Volkeranthus largely occur within the winter-rainfall region (Figs. 8 and 9) .
Similarly, the distributions of M. paulum and M. longistylum (Fig. 9 ), only overlap in two grid squares (3420AC, 3421AB). M. paulum has the most restricted distribution in M. subg. Volkeranthus and occurs mainly in the coastal plain between Caledon and Riversdale in the Western Cape. Although outliers of M. longistylum have been recorded from Namaqualand, Northern Cape and from near Port Elizabeth, Eastern Cape, most populations are found in succulent karoo veld and renosterveld in the Western Cape. Both species are always found on clays, sometimes with a cover of quartz-gravel.
While sister species show only narrow overlaps in their distributions, they share a preference for similar soil types, i.e. sandy, alluvial soils for M. clandestinum and M. aitonis and loamy soils for M. paulum and M. longistylum.
Taxonomy
Our results (Fig. 1) and new morphological evidence suggest that M. clandestinum and M. paulum should be reinstated as species. Below we provide an amended key to the subgenera of Mesembryanthemum, as well as revised descriptions and synonymy for the four species now recognised in M. subg. Volkeranthus.
Key to the subgenera of Mesembryanthemum Mesembryanthemum subg. Volkeranthus (Gerbaulet) Klak, Bothalia 43: 206 (2013) . Volkeranthus Gerbaulet, Bradleya 30: 196 (2012) . Type: Mesembryanthemum aitonis Jacq. (=Volkeranthus aitonis (Jacq.) Gerbaulet).
Prostrate to ascending, decumbent to erect or mat-forming to scrambling, short-lived (2-4 years) to long-lived perennial, herbaceous to weakly succulent, with fibrous roots. Stems 1-4 mm diam., angled or terete, epidermis with conspicuous mesomorphic, rounded bladder cells or almost smooth with only youngest parts with inconspicuous rounded bladder cells. Leaves flat and broad, spathulate, 20-30(−50) mm long and 5-15 mm broad, or flattened to occasionally subcylindrical, slightly channelled, linear to narrowly oblong, 5-20(− 25) mm long and 1.5-7.0 mm broad, grass green or dirty green and often tinged red, decussate throughout or decussate below and becoming alternate in the inflorescences, epidermis with mesomorphic, rounded bladder cells, without central water-storing tissue or weakly developed (i.e. with few enlarged central water storing cells) in M. longistylum. Flowers in cymes, 4-25 mm diam.; receptacle angled or terete; sepals shortly connate; petaloid staminodes white, sometimes suffused with pink or yellowish, narrowly lanceolate, free; filamentous staminodes absent; stamens free, relatively few (c. 10-14) or more numerous (N 25), 1-8 mm long, roughly the same length as the stigmas; stigmas 5, 1-8 mm long. Fruits 5-locular, 3.5-8.-mm diam. when closed, valve wings inflexed and fused in pairs or free. Seeds D-shaped, 0.7-1.0 × 0.5-0.8 mm, without a crest, dark brown with rough testa or light brown with almost smooth testa.
Diagnostic characters: The characters characterizing M. subg. Volkeranthus are all homoplasious. These are flowers without filamentous staminodes, petaloid staminodes free to the base, seeds dark brown and sculptured (rarely light brown with flattened testa cells). M. subg. Volkeranthus is most similar to M. sect. Mesembryanthemum (which includes M. nodiflorum, M. excavatum, M. stenandrum and M. subtruncatum). A noteworthy difference is that all members of M. sect. Mesembryanthemum are strictly annual, whereas the species of M. subg. Volkeranthus are short-to long-lived perennials. Short-lived perennial, prostrate to ascending, herbaceous, weakly succulent, with fibrous roots, without adventitious roots along stems and branches, not mat-forming. Stems 2-4 mm diam., angled, epidermis with conspicuous mesomorphic, rounded bladder cells. Leaves flat and broad, shortly fused at bases, decussate below becoming alternate in the inflorescence, 20-30(−50) × 9-15 mm, dirty green often tinged red, epidermis with conspicuous mesomorphic, rounded bladder cells, without central water-storing tissue. Flowers in cymes, to 25 mm diam.; receptacle angled; sepals shortly connate, narrowly lanceolate, free; petaloid staminodes white, sometimes suffused pink or yellowish, free; filamentous staminodes absent; stamens relatively numerous (more than 25), 7-8 mm long; stigmas 5, 7-8 mm long. Fruits 5-locular, 7-8 mm diam. when closed, valve wings inflexed and fused in pairs. Seeds D-shaped, 0.7-1.0 × 0.7-0.8 mm, dark brown, testa rough.
Ecology and distribution: In dry, alluvial or sandy, often saline places, 0-750 m. Main flowering time is from October to December, but flowering specimens were also observed in June. Found in the Western and Eastern Cape Provinces (Fig. 7) .
Diagnostic characters: M. aitonis is a variable species, particularly in the dimensions of the leaves and the diameter of the flowers. The angled stems distinguish this species from all others in M. subg. Volkeranthus, which have terete stems. The species is most similar to M. paulum, from which it can readily be distinguished by its much broader leaves (and the angled stems). . The region west of the line indicated by N60% receives more than 60% of its rainfall in winter (i.e. median winter rain/median annual rain expressed as percentage is greater than 60%, with winter being taken as April to September inclusive) and similarly for that indicated by N40%. Fig. 9 . Distribution of sister species Mesembryanthemum longistylum (circles) and M. paulum (triangles). For details see Fig. 8 .
Prostrate long-lived perennial, sometimes scrambling into other bushes, herbaceous, weakly succulent, with fibrous roots, frequently producing fine adventitious roots along stem and some branches to form extensive densely leafy mats to 5 m diam. Stems very slender, 1-2 mm diam., terete, epidermis almost smooth but with inconspicuous rounded bladder cells on youngest parts. Leaves flat, spathulate, 12-30 × 5-13 mm, light grass green, never tinged red, decussate throughout, epidermis with inconspicuous, small, mesomorphic, rounded bladder cells, without central water-storing tissue. Flowers in cymes, very small and inconspicuous, 4-6 mm diam.; receptacle terete; sepals shortly connate; petaloid staminodes white, narrowly lanceolate, free; filamentous staminodes absent; stamens relatively few, c. 10-14, 1.0-1.5 mm long, free; anthers large and pale; stigmas 5, c. 1 mm long. supplying study material of M. clandestinum, for assistance with field work and for their hospitality.
